In the human, there is a circadian rhythm in the resting heart rate and it is higher during the day in 30 preparation for physical activity. Conversely, slow heart rhythms (bradyarrhythmias) occur primarily 31 at night. Although the lower heart rate at night is widely assumed to be neural in origin (the result 32 of high vagal tone), the objective of the study was to test whether there is an intrinsic change in 33 heart rate driven by a local circadian clock. In the mouse, there was a circadian rhythm in the heart 34 rate in vivo in the conscious telemetrized animal, but there was also a circadian rhythm in the 35 intrinsic heart rate in denervated preparations: the Langendorff-perfused heart and isolated sinus 36 node. In the sinus node, experiments (qPCR and bioluminescence recordings in mice with a Per1 37 luciferase reporter) revealed functioning canonical clock genes, e.g. Bmal1 and Per1. We identified 38 a circadian rhythm in the expression of key ion channels, notably the pacemaker channel Hcn4 39 (mRNA and protein) and the corresponding ionic current (funny current, measured by whole cell 40 patch clamp in isolated sinus node cells). Block of funny current in the isolated sinus node 41 abolished the circadian rhythm in the intrinsic heart rate. Incapacitating the local clock (by cardiac-42 specific knockout of Bmal1) abolished the normal circadian rhythm of Hcn4, funny current and the 43 intrinsic heart rate. Chromatin immunoprecipitation demonstrated that Hcn4 is a transcriptional 44 target of BMAL1 establishing a pathway by which the local clock can regulate heart rate. In 45 conclusion, there is a circadian rhythm in the intrinsic heart rate as a result of a local circadian 46 clock in the sinus node that drives rhythmic expression of Hcn4. The data reveal a novel regulator 47 of heart rate and mechanistic insight into the occurrence of bradyarrhythmias at night.
To test whether the changes in I f density could account for the daily rhythm in the intrinsic heart 138 rate, the observed changes in I f density ( Figure 4C ) were incorporated into a biophysical model of 139 the spontaneous action potential of the mouse sinus node ( Figure 4F) . The model predicted a 140 circadian rhythm in heart rate of 10111 beats/min with a maximum heart rate at ~ZT 10 ( Figure   141 4G; Table S1 ), roughly consistent with experimental data for the intrinsic heart rate (Figure 2A ).
142
This suggests that HCN4 and I f participate in the circadian rhythm in the intrinsic heart rate. This 143 was confirmed in the isolated, denervated sinus node dissected at four different time points. Block 
147
Analogous results were obtained in vivo. In the conscious mouse, the heart rate at ZT 0 and ZT 12 148 was measured using an ECGenie (a platform with embedded ECG electrodes). An intraperitoneal 149 injection of 6 mg/kg ivabradine (selective blocker of I f 21 ) was given to block I f . Once again, block of 150 I f decreased the heart rate as expected ( Figure 5C ) and the effect of ivabradine on heart rate was 151 greater at ZT 12 than ZT 0 ( Figure 5D ). Furthermore, in the presence of ivabradine, the circadian 152 rhythm in the heart rate in vivo was abolished ( Figure 5C ). It is concluded that HCN4 and I f 153 participate in the circadian rhythm in the intrinsic heart rate as well as the heart rate in vivo.
154
The so-called membrane and Ca 2+ clocks are known to be responsible for pacemaking in 155 the sinus node 22 . The membrane clock comprises ionic currents carried by a variety of ion 156 channels. Although I f carried by HCN channels is considered to be the most important, other ion 7 investigated by recording Ca 2+ sparks from isolated sinus node cells and measuring the effect of 165 incapacitating the Ca 2+ clock by 2 M ryanodine on the intrinsic heart rate measured in the isolated 166 sinus node . Measurement of Ca 2+ sparks showed that at ZT 12 as compared to 167 ZT 0 there was an increase in spark duration and a non-significant increase in spark amplitude and 168 consequently there was an increase in spark mass (calculated as amplitude×1.206×spark full width 169 at half maximum amplitude 3 ) 23 (P=0.056), although there was a decrease in spark frequency and ryanodine, the circadian rhythm in the intrinsic heart rate was abolished ( Figure S6A , top) and it is 175 concluded that the Ca 2+ clock also participates in the circadian rhythm in the intrinsic heart rate.
176

Link between local circadian clock in sinus node and membrane and Ca 2+ clocks
177
To investigate a possible link between the local circadian clock in the sinus node and the circadian 178 rhythm in the intrinsic heart rate, experiments were conducted on a transgenic mouse in which the 179 Bmal1 gene had been knocked out in the heart only (driven by the α myosin heavy chain 180 promoter) 24 . Knockout of Bmal1 is known to incapacitate the circadian clock 25 . Figure 6A confirms 181 that Bmal1 mRNA was effectively knocked out in the sinus node at both ZT 0 and ZT 12 and 182 Figure 6B shows that this disrupted the circadian rhythm in the expression of Clock mRNA -183 evidence that the circadian clock in the sinus node had been disrupted as expected. In the cardiac-184 specific Bmal1 knockout mouse, from ZT 0 to ZT 12, there was no longer a significant variation in 185 expression of Hcn4 mRNA ( Figure 6C ) and HCN4 protein ( Figure 3D ,E). Consistent with this, the 186 variation in I f density from ZT 0 to ZT 12 was blunted ( Figure 6D ,E); this is best shown by Figure   187 6F, which compares the variation in I f density from ZT 0 to ZT 12 in wild-type and cardiac-specific 188 Bmal1 knockout mice. Finally, Figure 5B (top) shows the intrinsic heart rate as measured in the 189 isolated sinus node: whereas there was a circadian rhythm in the wild-type mice with the intrinsic 190 heart rate peaking at ~ZT 12 ( Figure 5A , top), in cardiac-specific Bmal1 knockout mice this normal lost (Figure 5B, bottom) . In contrast, cardiac-specific Bmal1 knockout had little effect on the 195 circadian rhythm in the Ca 2+ clock-control of the intrinsic heart rate ( Figure S6B ). It is concluded 196 that the local circadian clock in the sinus node is controlling HCN4 and I f (but perhaps not the Ca 2+ 197 clock) and thereby the intrinsic heart rate.
198
Evidence that clock protein, BMAL1, controls Hcn4 transcription
199
The CLOCK:BMAL1 heterodimer acts as a transcriptional activator or enhancer by binding to E-200 box binding sites in the promoter, intron or exon of a gene 26, 27 . Using RVISTA 201 (https://rvista.dcode.org) we found eight canonical E-box binding sites in the Hcn4 gene and 20 kb 202 of its 5 flanking region ( Figure 6H ). In vitro ChIP was used to test whether BMAL1 specifically 203 binds to these sites: 3T3-L1 cells were UV cross-linked following transfection with His-tagged 204 Bmal1. His-tagged BMAL1 bound to its DNA targets was then immunoprecipitated using antibodies 205 directed against the His-tag. DNA pulled down by ChIP was analysed by qPCR using primers 206 mapping to the various E-box binding sites ( Figure 6G ). Figure 6G shows E-box binding sites D 207 and G (within introns of the Hcn4 gene; Figure 6H ) were significantly more abundant than 208 background signal (red dashed line).
209
Role for the autonomic nervous system in circadian rhythm in heart rate in vivo?
210
This study highlights the role of intrinsic factors in the circadian rhythm in intrinsic heart rate.
211
Nevertheless, a role for the autonomic nervous system must be considered. In this study, in vivo, 212 the heart rate was high during the awake period when the mice were physically active ( Figure 1 ). If 213 the level of physical activity is high, it would be expected to influence the heart rate via the 214 autonomic nervous system (via an increase in sympathetic activity and possibly a decrease in 215 vagal activity). However, in caged-housed mice with no access to a running wheel, activity levels 216 will be low. A light pulse when mice are active is known to cause the mice to freeze and be 217 inactive 12 . Figure 7A shows that a 1 h light pulse from ZT13 to ZT14 caused the physical activity of 218 the mice to fall to baseline values, whereas the heart rate remained relatively high. In contrast, a 1 219 h light pulse from ZT1 to ZT2 was again associated with a baseline level of physical activity, but 220 the heart rate was relatively low. Therefore, in this experiment, the heart rate was primarily during and after the light pulses ( Figure 7B ). In vivo, the heart rate in the absence of physical 224 activity can be obtained by recording the ECG from the anaesthetised mouse (although 225 anaesthetic is known to depress the intrinsic pacemaker activity of the sinus node 28 as well as 226 cardiac vagal and sympathetic tone 29 ). The heart rate in the anaesthetised mouse also varied in a 227 daily mannerthe heart rate was highest at ~ZT 12 and it varied by 5115 beats/min over 24 h 228 ( Figure 7B ; Table S1 ). It is concluded that in this study the effect of activity on the heart rate of the 229 mice was slight and not discernible. Next, the effect of vagotomy was investigated. There are right 230 and left vagal nerves and sectioning of both is lethal. However, vagal nerves to the sinus node are 231 primarily, but not exclusively, from the right vagus 30 . The right vagus was sectioned in a group of 232 rats (rat was studied, because we have experience of vagotomy in the rat 31 ). Figure 7C shows that 233 following the vagotomy the circadian rhythm in heart rate persisted.
234
We further tested the involvement of the autonomic nervous system by blocking cardiac 235 muscarinic and  receptors by atropine and propranolol. Experiments were conducted on 236 anaesthetised mice, and intraperitoneal injections of 1 mg/kg atropine and 1 mg/kg propranolol 237 were given, similar doses to those used by others 32-34 and by us in an earlier study of exercise 238 training-induced bradycardia in the mouse 35 . After autonomic blockade, the circadian rhythm in 239 heart rate persisted, although it was reduced in amplitude ( Figure 7D ). In our earlier study, similar 240 concentrations of atropine and propranolol also failed to abolish the exercise training-induced 241 bradycardia 35 ; we concluded that the autonomic nervous system is not responsible for the exercise 242 training-induced bradycardia 35 and based on Figure 7D we could conclude that it is also not solely 243 responsible for the circadian rhythm in heart rate in vivo. However, following the publication of our blockade. Therefore, we repeated the experiment in Figure 7D , but we used intraperitoneal 248 injections of 2 mg/kg atropine and 10 mg/kg propranolol as did Aschar-Sobbi et al. 36 . This time, 10 vivo, the effect of the higher concentrations of atropine and propranolol must be taken into 252 consideration.
Propranolol blocks -receptors with an IC 50 of 12 nM 253 (http://www.selleckchem.com/products/propranolol-hcl.html). However, work on heterologously 254 expressed ion channels in cell lines has shown that propranolol blocks the cardiac Na + channel,
255
Na v 1.5 (Scn5a) with an IC 50 of 2.7 M 37 and HCN4 with an IC 50 of 50.5 M 38 . It was confirmed that 261 https://www.nc3rs.org.uk/mouse-decision-tree-blood-sampling). Therefore, based on these 262 estimates, it is possible that 10 mg/kg propranolol may block, to some extent, Na v 1.5 and HCN4,
263
both of which vary in a circadian manner ( Figure 2G ). If propranolol did block HCN4 to a significant 264 extent, it is not surprising that propranolol abolished the circadian rhythm in heart rate ( Figure 7E ), 265 because ivabradine also did ( Figure 5C ). Propranolol at a dose of 1 mg/kg as used for Figure 7D is 266 expected to cause less block of Na v 1.5 and little or no block of HCN4 and yet complete block of -267 receptors (the expected plasma concentration is still many times greater than the IC 50 for block of 268 -receptors).
As an aside, calculation shows that atropine at a dose of 1 or 2 mg/kg is sufficient for 269 complete block of M2 muscarinic receptors. Based on Figure 7D , the autonomic nervous system is the first report of a functioning circadian clock in the sinus node: qPCR showed the presence of rhythm in Per1 using a bioluminescent reporter gene ( Figure 2F ).
286
Circadian rhythm in cardiac ion channel expression is common
287
Here we show a circadian rhythm in Hcn4,
289
TASK-1 (K2p3.1; Kcnk3) and Clvoltage-gated channel 2 (Clcn2) in the sinus node ( Figure 2G ).
290
Further experiments have shown that Hcn1 also shows a circadian rhythm in the sinus node 
298
Some circadian varying ion channels are common to the sinus node and the atrial or ventricular 299 muscle: Na v 1.5 (Scn5a), K v 4.2 (Kcnd2), K v 1.5 (Kcna5), ERG (K v 11.1; Kcnh2) and TASK-1 (K2p3.1;
300
Kcnk3). Of these, all were significantly more highly expressed at ZT 12 than ZT 0 in the sinus node 301 ( Figure 2G) ; in atrial and ventricular muscle, there was a qualitatively similar circadian rhythm in 
305
This study has demonstrated that Hcn4 is likely to be under the control of BMAL1 
314
Circadian rhythm in intrinsic heart rate
315
Cardiac-specific knockout of Bmal1 abolished the normal circadian rhythm in the intrinsic heart rate 316 ( Figure 5A,B) , proving that it is under the control of the local circadian clock (however, it is 317 interesting that some type of rhythm, albeit abnormal, remained after cardiac-specific knockout of 318 Bmal1 - Fig. 5B ). We measured a circadian rhythm in HCN4 protein and I f ( Figures 3B-E, 4 and 319 S2) roughly in phase with the circadian rhythm in the intrinsic heart rate (in contrast Hcn4 mRNA 320 was out of phase - Figure 3A ; Table S1 ). It is likely that the circadian rhythm in I f plays an Cs + , as well the intrinsic heart rate ( Figures 3E, 5B and 6C,E,F). However, it is likely that I f is not 326 the only mechanism involved: there was a circadian rhythm in CaMKII (Camk2d) and Ca 2+ sparks 327 ( Figures 2G and S5) , and incapacitating the Ca 2+ clock with ryanodine eliminated the circadian 328 rhythm in the intrinsic heart rate ( Figure S6A ). In addition, it is possible that the circadian rhythm 329 detected in various K + channels, particularly ERG (K v 11.1; Kcnh2) ( Figure 2G ), also plays a role; in 330 the sinus node, ERG (K v 11.1; Kcnh2), responsible for the rapid delayed rectifier K + current, I K,r , 331 sets the maximum diastolic potential and blocking I K,r abolishes pacemaking 49 .
332
Circadian rhythm in heart rate in vivois it multifactorial?
333
This study has demonstrated a circadian rhythm in the intrinsic heart rate. Implications of this for 334 the circadian rhythm in heart rate in vivo can be speculated on. Previously, the circadian rhythm in 335 heart rate in vivo has been attributed to the autonomic nervous system and in particular to high simple way as a measure of autonomic tone 8 . We report that autonomic blockade utilising high been reported by Tong et al. 41 37, 38 . Because I f at least is greater during the awake period, propranolol will be expected to 346 have a greater depressing effect on heart rate during the awake period. This is an alternative 347 explanation of why the circadian rhythm in heart rate in vivo was abolished by autonomic blockade 348 in this study when utilising high concentrations of atropine and propranolol ( Figure 7E ).
(primarily, but not exclusively, responsible for the innervation of the sinus node 30 ) cannot be solely 351 responsible, because sectioning the right vagus did not impact the circadian rhythm in heart rate in 352 vivo in the rat ( Figure 7C ). This suggests that a circadian rhythm in sympathetic nerve activity or 353 plasma catecholamine levels is more important (if it is assumed that the autonomic nervous 354 system is involved). However, it has been reported that transgenic knockout of the M2 receptor or 355 1, 2 and 3 adrenoceptors has no effect on the circadian rhythm in heart rate in vivo 51 
359
This study has shown that there is a circadian rhythm in the intrinsic heart rate of the 360 appropriate amplitude (72-107 beats/min) and phase (peaking at ~ZT 12; Figures 2A and 5A; 361 Table S1 ) to be able to explain the circadian rhythm in heart rate in vivo (Figure 1 ). Furthermore,
362
block of HCN4 and I f by ivabradine had a bigger effect on heart rate during the awake period and 363 abolished the circadian rhythm in heart rate in vivo in the mouse ( Figure 5C ). Data consistent with rate during the day, it caused little decrease at night. In other words, the effect of ivabradine on 368 heart rate showed a circadian rhythm and was greater when the subjects were awake. This is 369 consistent with the work on the mice (Figure 5C,D) 
379
Consistent with this, Figure 7D shows that the circadian rhythm in heart rate in vivo was reduced in 380 amplitude after autonomic blockade (achieved with the lower doses of atropine and propranolol).
381
However, the contribution may not be in the way originally conceived (acute control of heart rate 
387
Summary
388
In summary, this study has shown that there is a circadian rhythm in the intrinsic heart rate and this 389 is likely to contribute to the circadian rhythm in heart rate in vivo. Our findings provide new 390 mechanistic insight into the fundamental question of why the heart rate of a mammal is lower when 391 asleep and also explains the nocturnal occurrence of bradyarrhythmias 1,3,59-63 .
392
METHODS
393
Extended methods are given in the Supplementary Information.
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